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The filter-feeding house secreted by urochordate Appendicularians is among the most complex extracellular structures
constructed by any organism. This structure allows the Appendicularia to exploit a wide range of food particle sizes,
including nanoplankton and submicrometer colloids, establishing them as an important and abundant component of marine
zooplankton communities throughout the world. The oikoplastic epithelium, a monolayer of cells covering the trunk of the
animal, is responsible for secretion of the house. The epithelium has a fixed number of cells, organized in distinct fields,
characterized by defined cell shapes and nuclear morphologies. Certain structures in the house appear to be spatially linked
to these different fields of cells. Using cDNA representation difference analysis (cDNA RDA) on whole animals at two
different developmental stages separated by the metamorphic tailshift event, we isolated four families of genes (oikosins)
that are expressed only from specific subregions of the oikoplastic epithelium. The molecular patterns defined by oikosin
gene expression establish the epithelium as an ideal and easily accessible monolayer cellular template for exploring
coordinate regulation of gene expression, cell–cell interactions involved in pattern formation, gene/genome amplification,
and the role of temporal changes in nuclear architecture in regulating gene expression. © 2001 Academic Press
Key Words: Appendicularia; urochordate; oikosin; nuclear architecture; nanoplankton; cDNA RDA; gene amplification.INTRODUCTION
The Appendicularia are pelagic urochordates with a pan-
global distribution that occupy an interesting position in
chordate phylogeny and play an important role in marine
ecosystems. They have three features common to all chor-
dates at some stage in the life cycle: gill slits, a tubular
nerve chord, and a rod-shaped notochord. Appendicularia
are one of the five classes of urochordates, and molecular
analyses of 28S and 18S rRNA genes (Swalla et al., 2000;
Wada, 1998) combined with ultrastructural studies of ga-
metes in the deuterostome lineage (Holland, 1989, 1990;
Holland et al., 1988; Holland and Holland, 1989) suggest
that they are closer to the common chordate ancestor than
their sister classes. The Appendicularia have a very com-
pact genome (;70 Mb) (Seo et al., submitted for publica-
tion) and an extremely short generation time (Fig. 1) for a
1 To whom correspondence should be addressed. Fax: 47-
55.58.43.05. E-mail: eric.thompson@sars.uib.no.
260complex metazoan. These features, combined with the
amenability of at least one species, Oikopleura dioica, to
culture in the laboratory, make the Appendicularia an
attractive organism for developmental and evolutionary
studies of chordate innovations.
In marine ecosystems, Appendicularia provide a signifi-
cant short cut in the food web by transferring resources
from very small particles including submicron colloids,
cyanobacteria, bacterioplankton, and nanoflagellates, to
much larger predators such as larval and adult fish (Deibel,
1998). They achieve this by living inside complex extracel-
lular mucous houses composed of different compartments,
valves, septa, and filter sets (Fig. 2A). By using successive
filter sets to sieve out submicrometer particles, the Appen-
dicularia attain a predator/prey length ratio of 10,000:1,
similar to that of baleen whales to krill, and substantially
exceeding the normal ratio of 10:1 to 100:1 (Gorsky and
Fenaux, 1998). To maintain sufficient filtration rates, O.
dioica synthesizes an entire new house every 3–4 h, and
discarded appendicularian houses are a significant compo-
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261Complex 3D-Structure Coded by a Monolayer Epitheliumnent of marine snow. Appendicularians are the second most
abundant component of marine zooplankton after copep-
ods, and appendicularian houses and fecal pellets can domi-
nate the annual zooplanktonic contribution to vertical
carbon flux (Deibel, 1998).
The oikopleurid house is first secreted as a rudiment by
the oikoplastic epithelium (Figs. 2B and 2C), a monolayer of
transparent cells that covers the trunk of the animal. When
a new functional house is required, the rudiment initially
swells, is then expanded by nodding movements of the
animal, and is finally fully inflated by drawing the tail
inside the house and exerting a pumping motion such that
the entire animal is enclosed within the house. Sinusoidal
movements of the tail then control the flow of water and
food particles through the house chambers and filters. The
cells of the oikoplastic epithelium cease division prior to
metamorphosis and secretion of the first house, and their
number is fixed for a given species of the genus Oikopleura,
being about 2000 for O. dioica (Fenaux, 1985; Lohmann,
1899; Martini, 1909). During the postmetamorphic phase of
the life cycle, the animal grows about 10-fold in size, and
there is a concomitant increase in the size of the oikoplastic
cells.
As the oikoplastic cells grow, there is amplification of
nuclear DNA content, and the nuclei take on increasingly
variable shapes and sizes such that distinct fields of cells are
easily recognized in the epithelium. There is an apparent
spatial correlation between these different fields of cells and
certain structures in the house rudiment (Fenaux, 1985;
Flood and Deibel, 1998; Lohmann, 1899). The goal of the
current study was to determine whether specific and dis-
tinct patterns of gene expression could be identified in the
different cellular regions of the oikoplastic epithelium. If
so, these markers would establish the epithelium as an
excellent, and easily accessible model organ, for exploring
fundamental questions about mechanisms regulating differ-
ential patterns of gene expression at the interface between
chromatin dynamics and organization of the genome in the
nucleus.
To isolate these genes, we used the strategy of comple-
mentary DNA representation difference analysis (cDNA
RDA). This approach of subtractive hybridization linked
with selective amplification was first developed on
genomic DNA to isolate differences between two complex
genomes (Lisitsyn and Wigler, 1993). The technique was
subsequently adapted to isolate differences between two
populations of cDNAs (Hubank and Schatz, 1994) and has
primarily been used to identify differentially expressed
genes in cell lines or specific tissues in response to exog-
enous agents or tumorogenic events. Here we apply the
technique on a whole organism at two developmental
stages separated by a metamorphic event. The approach was
successful in identifying novel genes with expression pat-
terns that are restricted to distinct fields of cells in the
oikoplastic epithelium. G
Copyright © 2001 by Academic Press. All rightMATERIALS AND METHODS
Culture of Oikopleura dioica
Animals were collected from fjords in the vicinity of Bergen,
Norway. In the laboratory, continuous cultures were maintained in
6-L beakers of seawater with constant stirring by suspended
paddles attached to rotors. At the culture temperature of 15°C, the
life cycle was 5–6 days in duration. The Appendicularia were
maintained on cultured algal strains of Isochrysis galbana,
Chaetoceros calcitrans, and Synecococcus sp, supplemented with
hodomonas sp from Day 3 of the cycle onward. Each spawning
emale produced 2–300 eggs and typical spawns were set up with
0–40 mature females in 4 L of charcoal filtered seawater together
ith 25–35 mature males. Spawns were diluted 1:10 with filtered
eawater on Day 1 and further diluted 1:1 on Day 2. Animals were
ransferred to new 6-L beakers on Days 3, 4, and 5.
cDNA RDA
Histochemical staining of cultured O. dioica revealed that
glycoproteins making up the house structure could be detected in
the 30 min to 1 h immediately preceding the metamorphic tailshift
event. Based on this analysis, animals were flash frozen at two
developmental stages (Fig. 1): the first at 2–3 h prior to tailshift
(“House2”), and the second during Days 1 and 2, when house
production had begun but prior to any significant increase in gonad
size (“House1”). Total RNA was extracted from each of these
stages with TRIzol (Gibco BRL) and poly(A)1 RNA was selected by
wo rounds of oligo(dT)–cellulose chromatography using the
oly(A)Quik mRNA isolation kit (Gibco BRL). Each mRNA popu-
ation was used as a template for cDNA synthesis using the ZAP
xpress synthesis kit (Stratagene), except that unmodified dCTP
as used in place of 5-methyl-dCTP. Subsequent steps in generat-
ng House2 and House1 cDNA representations and in carrying out
DNA RDA followed the protocol of Hubank and Schatz (1994),
sing the same R, J, and N oligonucleotides as they did. House2
DNA was used as the driver and House1 cDNA as the tester. The
ifference products DP1, DP2, and DP3 were generated with
river:tester ratios of 100:1, 800:1, and 40,000:1, respectively.
ands present in DP3 were purified by extraction from soft agarose
nd cloned into pBluescript.
Northern Blotting
RNA was guanidium thiocyanate–phenol–chloroform extracted
from whole Day 4–Day 5 animals and the poly(A)1 fraction was
elected by two rounds of oligo(dT)–cellulose chromatography.
liquots of 500 ng of poly(A)1 RNA were run on 2.2 M
ormaldehyde/1% agarose gels and were transferred by capillary
lotting to nylon membranes (Hybond-N1; APBiotech). RNA was
xed to the wet membrane by UV-crosslinking, 150,000 mJ/cm2 at
54 nm, using a Hoefer UVC 500 ultraviolet crosslinker (APBio-
ech). Probe DNA fragments were radioactively labeled by random
riming with the T7 Quick Prime Kit (APBiotech) with unincor-
orated nucleotides removed by Sephadex G-50 spun-column chro-
atography (APBiotech). Membranes were prehybridized and hy-
ridized in 250 mM Na–phosphate buffer (pH 7.2), 7% SDS, 1 mM
DTA, and 1% BSA, and washed with 20 mM Na–phosphate buffer
pH 7.2), 1% SDS, and 1 mM EDTA. Hybridized blots were
nalyzed on a FLA 2000 phosphorimager equipped with Image
auge software (Fuji).
s of reproduction in any form reserved.
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262 Thompson, Kallesøe, and SpadaWhole-Mount in Situ Hybridization
Sense and antisense RNA probes were in vitro transcribed from
linearized plasmids containing the appropiate cloned RDA inserts
FIG. 1. The life cycle of Oikopleura dioica cultured at 15°C. After
stage hatches from the chorion 6–7 h postfertilization. During the t
At metamorphosis, 12–14 h postfertilization, the tail shifts from a
orthogonal position, with the end of the tail lying in the same dire
inflated and the animal begins to filter feed. The house is a co
food-concentrating filters (see Fig. 2). The animal in the center is s
and food-collecting duct are made visible by trapped food particle
oikoplastic epithelium; g, gonad; t, tail. After inflation of the first ho
and houses are synthesized and replaced frequently, approximately
the trunk and each female produces 2–300 oocytes. Upon spawni
material was collected for the “House2” cDNA representation
representation. The timing of events shown in the figure is not towith either T7 or T3 RNA polymerase (Promega) in the presence of
Copyright © 2001 by Academic Press. All rightdigoxigenin-labeled UTP (DIG RNA Labeling Mix; Roche Molecu-
lar Biochemicals). Day 2–Day 3 animals were fixed with 4%
paraformaldehyde in 100 mM MOPS buffer (pH 7.5) and 500 mM
NaCl for 20 min and treated with 10 mg/ml Proteinase K in the
ization the embryo undergoes rapid cleavage cycles and the tailbud
e stages the tail-to-trunk ratio lengthens and organogenesis occurs.
ar posteriorly directed orientation relative to the trunk to a more
as the mouth. Immediately following tailshift, the first house is
x structure consisting of several chambers as well as inlet and
n inside the clear mucous house and the food-concentrating filter
, food-concentrating filter; tr, trunk of the animal covered by the
the animal grows principally by increasing the size of somatic cells
every 4 h. At maturity the size of the gonad surpasses the size of
he animals die. The single asterisk indicates the point at which
the double asterisk material collected for the “House1” cDNA
.fertil
adpol
line
ction
mple
how
s: fcf
use
once
ng, t
andsame buffer for 3 min at 37°C. Specimens were postfixed in the
s of reproduction in any form reserved.
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263Complex 3D-Structure Coded by a Monolayer Epitheliumsame fixative as above for 5 min. Prehybridization and hybridiza-
tion were carried out in 50% deionized formamide, 53 SSC, 2%
Blocking Reagent (Roche Molecular Biochemicals), 0.1% Triton
X-100, and 9.2 mM citric acid at 60°C. Prehybridization was for 2 h.
Probes were diluted at 400 ng/ml in hybridization mixture and
FIG. 2. The house of Oikopleura dioica and the oikoplastic epith
of house chambers and filters. Water flow through the house is ind
the left and the mouth to the right. The travel of food particles in t
are released through the exit spout. (B) A spread of the oikoplastic
internal organs were removed from a fixed animal and the e
anterior–posterior axis is from top to bottom. The colored zones in
morphologies and apparent links with house structures. The field
the Nasse cells (turquoise green), and the posterior Fol (pink). The E
The field of Martini (violet), the anterior (dark blue) and posterior
of a house rudiment prior to inflation. The house rudiment was cu
spread with the same orientation. fcf, food-concentrating filter; if, i
filter and the inlet filter are secreted on top of the Fol and Eisen rdenatured by heating at 85°C for 5 min before being added to the
Copyright © 2001 by Academic Press. All rightspecimens and incubated overnight. Samples were washed once
with 43 SSC, 50% formamide, 0.1% Triton X-100 for 30 min at
37°C; once with 23 SSC, 2 mg/ml BSA, and 0.1% Triton X-100 for
30 min at 37°C; and twice with 0.53 SSC, 2 mg/ml BSA, and 0.1%
Triton X-100 for 30 min at 65°C. Hybridized specimens were
responsible for its secretion. (A) Crude schematic representation
d by gray arrows. The animal is shown in black with the gonad to
od-concentrating filter is indicated by a dotted arrow. Fecal pellets
elium with nuclei stained by Hoechst 33258. The tail, gonad, and
elium was cut longitudinally along the midventral line. The
e regions of the epithelium defined on the basis of distinct nuclear
l includes the anterior Fol (orange), the seven giant cells (yellow),
region includes the “chain of pearls” and 7 giant cells (light blue).
tes (red), and the Leuckart cells (green) are also shown. (C) Spread
y from the animal in the same manner as the epithelium and was
filter; ib, bioluminescent inclusion bodies. The food-concentrating
s of the epithelium, respectively.elium
icate
he fo
epith
pith
dicat
of Fo
isen
roset
t awa
nletblocked with 1% Blocking Reagent in PBS/0.1% Triton X-100 for
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264 Thompson, Kallesøe, and Spada1 h at room temperature and incubated in the same medium
containing 2 mg/ml of rhodamine-conjugated anti-digoxigenin Fab
fragments (Roche Molecular Biochemicals) for 40 min at room
temperature. After three 30-min washes in PBS/0.1% Triton X-100,
specimens were mounted in Vectashield mounting medium (Vec-
tor Laboratories) and analyzed with a Leica TCS laser scanning
confocal microscope. Hybridizations with sense RNA probes were
run as controls.
Library Screening and Clone Analysis
RDA clones that showed positive in situ hybridization patterns
on the oikoplastic epithelium were used to screen a cDNA library
prepared from Day 5 adults (Spada et al., 2001). RDA probes were
labeled by PCR incorporation of digoxigenin-labeled dTTP and
were used to screen platings of 4 3 105 pfu transferred to Nylon1
membranes (Osmonics). Positive clones were revealed by chemi-
luminescent detection using anti-digoxigenin Fab fragments con-
jugated to alkaline phosphatase, with CSPD as substrate (Roche
Molecular Biochemicals). For each RDA probe, 10 positive plaques
were randomly selected, single-colony excision (Zap Express Clon-
ing kit, Stratagene) was carried out, and each clone was subjected to
restriction enzyme analysis. All clones showing different restric-
tion patterns were then sequenced.
RESULTS
cDNA RDA across a Metamorphic Event
The technique of cDNA RDA is a subtractive enrichment
procedure that has been primarily used to identify differen-
tially expressed genes in cell lines or specific tissues in
response to exogenous agents or tumorogenic events. In this
study we applied the technique to a whole animal at two
different developmental stages separated by a metamorphic
event (Fig. 1). Our goal was to isolate cDNAs coding for
proteins that are specifically produced in the oikoplastic
epithelium. This epithelium serves as the template for
construction of the oikopleurid house (Fig. 2), a complex
structure that is completely resynthesized every 3–4 h
during the postmetamorphic phase of the life cycle of
Oikopleura dioica. Given the high rates of house produc-
ion, transcripts coding for proteins involved in house
onstruction were likely to be abundant, despite the fact
hat they would probably be restricted in their expression to
he oikoplastic epithelium and thus extensively diluted in
he pool of transcripts from the whole organism. To prepare
he House2 cDNA representation, we collected tadpoles at
stage 2–3 h prior to the first detectable histochemical
taining of house glycoproteins. The House1 cDNA repre-
entation was prepared from Day 1–Day 2 animals that had
ndergone the metamorphic tailshift event and were ac-
ively synthesizing filter-feeding houses. Substantial orga-
ogenesis occurs between these two stages, which would
ave the consequence of considerably increasing the com-
lexity of differences between the House1 and House2
DNA representations. Nonetheless, since the nonnormal-
zed cDNA RDA procedure has a distinct bias to the
solation of abundantly expressed differences and is poorly f
Copyright © 2001 by Academic Press. All rightdapted to isolating rare transcript differences, we reasoned
hat it was the best subtractive hybridization-based proto-
ol to address our needs.
The difference products DP1 and DP2, from the first two
ounds of cDNA RDA, were smears of cDNA with no
isible banding pattern, an expected result given the com-
lexity of differences between the two developmental
tages. However, the third product, DP3, contained six
istinct bands ranging in size from 200 to 550 bp (Fig. 3).
fter purification of the individual bands and cloning into
Bluescript, six randomly selected colonies derived from
ands 1, 4, 5, and 6 and 12 colonies from bands 2 and 3 were
rocessed and sequenced. The results are summarized in
able 1. Most of the clones derived from bands 1 and 2 were
CR artifacts composed of concatamers of the R24 adapter.
he other clones were divided into three groups based on
LASTX similarity searches on the NCBI nonredundant
atabase. The first group showed very low to weakly
ignificant similarities with known extracellular proteins.
he second group showed no significant similarities to any
nown proteins in the database. The third group showed
ighly significant similarities to proteins with no obvious
FIG. 3. Electrophoretic pattern of the difference product DP3,
obtained after three cycles of subtraction and selective amplifica-
tion. The negative image of an ethidium bromide-stained gel is
shown with molecular size markers (M) on the left and DP3 on the
right. The 6 bands ranging from 200 to 550 bp were gel-purified and
cloned into pBluescript.unction directly related to house construction. The first
s of reproduction in any form reserved.
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265Complex 3D-Structure Coded by a Monolayer Epitheliumtwo groups were then used to generate RNA sense and
antisense probes for in situ hybridization to determine
expression patterns. The third group was not analyzed
further.
The Oikoplastic Epithelium: A Well-Defined
Template of Regional Expression Patterns
The possibility that components of the house structure
are secreted from defined groups of cells within the oiko-
plastic epithelium is suggested by the superposition of the
condensed precursors of these components in the house
rudiment to underlying cellular fields (Figs. 2B and 2C).
Most notably, the food-concentrating filters and inlet filters
appear to arise from the fields of Fol and Eisen, respectively.
The field of Fol consists of the anterior Fol cells, the seven
central giant Fol cells, three rows of smaller Nasse cells,
and a less clearly delimited region of posterior Fol cells. The
field of Eisen consists of three central giant cells flanked by
two additional pairs of giant cells delimited dorsally by a
line of small cells known as the chain of pearls. To
determine whether clones isolated by the RDA procedure
were expressed in specific regions of the oikoplastic epithe-
lium, whole-mount in situ hybridization was run on Day
2–Day 3 animals.
Four of the tested RDA clones gave distinct regional
expression patterns that were restricted to the oikoplastic
epithelium (Fig. 4). The gene corresponding to RDA34 was
not expressed at all in the Fol and Eisen regions nor from
the anterior and posterior rosettes. It was expressed from
cells surrounding the field of Eisen, in most of the posterior
TABLE 1
Sequence Analysis of DP3 Difference Products
Clones Blast similarities Level
41, 43, 51, 52, 55, 61 Ultrahigh sulfur keratin 6e27
210 Amelogenin 2e29
39 Tracheal mucin 0.82
31, 32, 34 Intimin 4.1
2 None
4 None
2 None
3 EF-hand 4.8
4 Trout histone H1 3.1
3, 66 S. pombe hyp. protein 4.3
5, 37, 38, 310, 53 Nucleotide diP kinase isoform B 2e235
54, 64 Elongation factor 2 5e269
Notes. Clones in bold italic were used as templates to make
ense and antisense RNA probes to screen for expression patterns.
hose that are underlined yielded probes that hybridized to
RNAs with expression patterns restricted to regions of the
ikoplastic epithelium.half of the epithelium, and in a band of cells running
Copyright © 2001 by Academic Press. All rightentrally between the left and right fields of Eisen (Figs. 4A
nd 4A9). The gene corresponding to RDA44 was expressed
xclusively from all cells in the anterior Fol region (Figs. 4B
nd 4B9) and nowhere else in the epithelium. The gene
orresponding to RDA61 showed an expression pattern
Figs. 4C and 4C9) similar to that of RDA34, except that it
as not evident in cells surrounding the anterior side of the
elds of Eisen. In contrast to the pattern observed for
DA34, RDA 61 was also expressed from a row of perioral
ells and from a row of cells between the anterior Fol and
he seven giant Fol cells. The gene corresponding to RDA66
as expressed from most cells in the oikoplastic epithelium
Figs. 4D and 4D9). It was not expressed in two rows of cells
n the anterior epithelium nor was it found in the field of
isen. In the Fol anlage it was expressed only from the row
f cells separating the anterior Fol from the Fol giant cells as
ell as from cells along the dorsal midline, separating the
ight and left Fol anlages. It was not expressed in the core
entral cells of the anterior rosette.
Transcript Diversity and Sequence Analysis
To obtain full-length cDNA clones for the RDA frag-
ments that hybridized specifically to the oikoplastic epithe-
lium, we first performed Northern blots to determine
transcript size and diversity (Fig. 5). Labeled probes derived
from RDA34, 44, and 66 revealed transcripts of 1, 1.5, and 1
kb, respectively. For RDA61, two species were detected, a
major band at about 1.8 kb and a minor band near 2.5 kb.
The same RDA sequences were then used as labeled probes
to screen a cDNA library prepared from whole adult ani-
mals. The short exposure times required to visualize bands
on Northern blots suggested that the genes coding for the
RDA sequences were abundantly expressed, and the library
screening confirmed this. Despite being expressed in subre-
gions of only one tissue, transcripts corresponding to
RDA34, 44, 61, and 66, represented 0.10, 0.98, 1.10, and
0.56%, respectively, of all sequences in the adult library.
For each RDA probe, 10 positive plaques were randomly
selected, the single-colony excision protocol was carried
out, and restriction analyses were performed. All clones
with different restriction patterns and/or lengths were then
sequenced. The deduced amino acid sequences are shown in
Fig. 6 and cartoons of the main features of these proteins
with predicted glycosylation sites are presented in Fig. 7.
All of the proteins are predicted to have a signal secretion
peptide. A survey of extracellular proteins identified in an
Oikopleura dioica cDNA shotgun sequencing effort (H.-C.
Seo, unpublished observations) revealed MK(I/L) to be a
prominent signature sequence for secreted proteins in this
species, and this signature was present in all N-terminal
sequences deduced from the RDA nucleotide sequences.
The deduced amino acid sequences of the RDA34 family of
proteins contained a number of stretches that matched
peptide sequences obtained from nanoelectrospray tandem
mass spectrometric microsequencing of proteins isolated
s of reproduction in any form reserved.
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267Complex 3D-Structure Coded by a Monolayer Epitheliumfrom O. dioica houses (Spada et al., 2001), thus identifying
it as a structural component of the house.
BLASTP searches on the NCBI nonredundant database
revealed the RDA44 and RDA66 sequences to be novel,
with no similarities to known proteins. Both the RDA34
and RDA61 sequences showed weak to modest similarities
(e27 to e217) to known extracellular proteins such as bone
morphogenetic protein, tolloid, cubilin, and bovine mucins.
This similarity was essentially restricted to regions of
shared CUB domains. This is an extracellular domain that
has thus far been found in functionally diverse, often
developmentally regulated proteins (Bork, 1991; Bork and
Beckmann, 1993). Most CUB domains contain conserved
cysteine residues predicted to form disulfide bridges, and
the structure of the domain is predicted to be a b-barrel
similar to that of immunoglobulins. The RDA61 family
showed some additional similarity (e28) to uromodulin, an
extracellular renal protein that is the most abundant pro-
tein in human urine, and that is thought to bind and
regulate the activity of some cytokines. This similarity was
primarily confined to the zona pellucida-like domain, a
region that has been noted in a number of diverse receptor-
like eukaryotic glycoproteins (Bork and Sander, 1992).
Polymorphism was observed in the deduced amino acid
sequences of each of the families of proteins isolated by the
cDNA RDA technique. In the RDA44 and RDA66 families,
FIG. 5. Northern blot analysis of poly(A)1 RNA (500 ng/lane)
probed with RDA clones. Molecular weights are estimated by the
migration of mammalian rRNA bands.the low level of differences could most probably be ex-
Copyright © 2001 by Academic Press. All rightplained as allelic polymorphism. The most significant dif-
ferences were found in the RDA34, and particularly, in the
RDA61 families. In the RDA34 family, differences were
confined to the number and length of polyserine repeats at
the end of the CUB domain, a region of the proteins that is
predicted to be heavily O-glycosylated. The most obvious
difference in the RDA61 family was the increased size of
RDA61e compared to that of RDA61a–d, attributed to an
N-terminal duplication of the CUB domain. This was in
agreement with the results of Northern blotting showing
two clearly different transcript lengths. There was also a
hypervariable region in the RDA61 family between the end
of the CUB domain, up to and including the number of
DSS(A/G) repeats prior to the cysteine-rich region (Fig. 7).
The 39 untranslated regions of the transcripts were not very
long, ranging from 60 bp in RDA34 to 461 bp in RDA44. All,
with the exception of RDA34, contained at least one copy of
the AUUUA mRNA instability motif and the RDA61 39
UTRs contained either four or five copies of this sequence.
The presence of three or more copies of this motif correlates
with the short half-life of transiently expressed mRNAs
such as those coding for cytokines or oncogenes (Akashi et
al., 1994).
Nomenclature
Based on the Greek Oikos, for house, we assigned the
following names to the molecules presented in this study:
RDA34a–c 5 Oikosin4A–C; RDA44a,b 5 Oikosin5A,B;
DA61a–e 5 Oikosin6A–E; and RDA66a–c 5 Oikosin7A–C.
he EMBL database accession numbers for the corresponding
ucleotide sequences are AJ310624 through AJ310636, respec-
ively. Through the protein microsequencing of house
olypeptides, we also determined sequences for Oikosins1, 2,
nd 3, produced primarily from complementary fields of cells
n the field of Fol (Spada et al., 2001). The molecular pattern
efined by the differential expression of the seven oikosin
amilies is shown in Fig. 8.
DISCUSSION
The appendicularian house is among the most complex
extracellular structures constructed by any organism. It is
produced by a monolayer of cells, the oikoplastic epithe-
lium, in which different fields of cells are clearly defined on
the basis of nuclear morphology and spatial association
with structures in the house rudiment. In this study, by
carrying out cDNA RDA on two developmental stages,
separated by the tailshift metamorphic event, we isolated
several families of cDNAs for which the corresponding
genes are expressed exclusively in subregions of the oiko-
plastic epithelium (Fig. 8). Thus, the easily accessible,
transparent epithelium contains fields of cells with highly
distinctive nuclear morphologies that have differential pat-
terns of gene expression. This model system is particularly
well adapted to addressing fundamentally important ques-
s of reproduction in any form reserved.
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268 Thompson, Kallesøe, and Spadations on the potential role of evolving nuclear architecture
in regulating differential developmental patterns of gene
FIG. 6. Full-length deduced amino acid sequences of RDA clones c
residues are indicated by dots, gaps by dashes, and differences by the
by underlined boldface type, and potential glycosaminoglycan attaexpression. For reasons of technical simplicity, and fre- t
Copyright © 2001 by Academic Press. All rightuently, straightforward feasibility, most studies address-
ng questions concerning the extent of structural organiza-
ponding to genes expressed in the oikoplastic epithelium. Identical
tituted amino acid. Potential N-glycosylation sites are represented
ent sites by underlined italic type.ion and compartmentalization of molecular processes in
s of reproduction in any form reserved.
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269Complex 3D-Structure Coded by a Monolayer Epitheliumthe nucleus have used the oval nucleus of monotypic
cultured cells (often transformed) as a substrate. The usual
requirement to have, or to isolate, a uniform population of
cells to carry out these analyses has meant that at the level
of the tissue or the organism, these questions have thus far
remained essentially unexplored.
Systems studied in other organisms, in which a cellular
template is responsible for the secretion of an extracellular
structure, include production of the egg chorion from fol-
FIG. 6—licle cells in Drosophila and the synthesis of the cuticle r
Copyright © 2001 by Academic Press. All rightrom the underlying epidermis in insects. The insect cuticle
s assembled in a chitinous zone above the epidermal
icrovilli and perimicrovillar space and during intermoult,
eptides are constitutively secreted by the epidermis, tra-
erse the perimicrovillar space, and form lamellae in the
ssembly zone (Locke et al., 1994). Some of the components
hat are assembled are produced in other organs and trans-
orted to the cuticle via the hemolymph (Csiko´s et al.,
999). The composition of the Drosophila egg chorion is
tinuedelatively uniform, though some dorsal anterior cells over
s of reproduction in any form reserved.
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270 Thompson, Kallesøe, and Spadathe oocyte do synthesize specialized chorion structures
(Calvi et al., 1998). In neither case is there the same
FIG. 7. Schematic representations of proteins coded by RDA cl
Scaling is the same for the RDA 34, 44, and 66 families and reduced
O-glycosylation sites, and glycosaminoglycan attachment sites are
Predicted CUB domains are indicated by open ovals labeled CUB,
repeats are represented by gray rectangles with the number of co
different internal repeating sequences in the RDA66 and 61 families
indicates a region rich in cysteine residues, many of which are pred
al., 1999). Additional amino acid repeats in the RDA61 family are d
predicted using the NetOGlyc prediction server at the Centre for Bi
sequences and glycosaminoglycan attachment sequences were pre
(dodo.cpmc.columbia.edu/predictprotein). The CUB and zona pel
Washington University in St. Louis (pfam.wustl.edu). Signal peptid
Sequence Analysis, and the PSORT server at the University of Osak
of known extracellular proteins obtained from shotgun sequencingcompelling link between specific extracellular structures
Copyright © 2001 by Academic Press. All rightnd underlying fields of morphologically distinctive cells,
s exists in Oikopleura.
corresponding to genes expressed in the oikoplastic epithelium.
he RDA61 family. Predicted signal peptides, N-glycosylation sites,
oted by symbols shown in the legend at the bottom of the figure.
Zona pellucida-like domains by gray hexagons labeled ZP. Serine
ous serines indicated. Open ovals and patterned ovals represent
ectively. For the RDA61 family, the banner with a C in the interior
to be involved in disulfide linkages (Cyspred program; Fariselli et
ed at the bottom of the figure. Potential O-glycosylation sites were
cal Sequence Analysis (www.cbs.dtu.dk) Potential N-glycosylation
d using the PredictProtein server at the University of Columbia
a-like domains were predicted using the PFAM v5.5 database at
ere predicted using the SignalP server at the Centre for Biological
ort.nibb.ac.jp), in combination with data obtained from sequences
n Oikopleura dioica cDNA library.ones
for t
den
and
ntigu
, resp
icted
enot
ologi
dicte
lucid
es w
a (psThe successful strategy of committing substantial re-
s of reproduction in any form reserved.
p
r
t
w
a
b
a
the n
271Complex 3D-Structure Coded by a Monolayer Epitheliumsources to repetitive production of an elaborate filtering
device, enabling the capture of nanoplankton, is attested to
by the worldwide distribution of Appendicularia and their
abundance in zooplankton communities. The identification
of the complex defined pattern of differential gene expres-
sion in the oikoplastic epithelium responsible for the pro-
duction of this structure now opens several avenues of
FIG. 8. Molecular patterning of the oikoplastic epithelium. Regio
bottom of the figure. Where “nc” is indicated in a code box, this mea
to distinguish these from regions of the same color in which onlyinvestigation. Construction of a functional house requires d
Copyright © 2001 by Academic Press. All rightroduction of the right amounts of each component, in the
ight place, at the right time. How are the genes involved in
his process coordinately regulated across different cells: to
hat extent do they share common promoter elements, and
re they organized in gene clusters? The diversity of mem-
ers of some of the oikosin families, particularly oikosins 4
nd 6, indicates the modularity of certain motifs. Do
xpression patterns of oikosins are color coded, as indicated at the
at both the nucleus and cytoplasm of the given region were colored
uclei have been digitally colored.nal e
ns thistinct genes code these different forms or do they repre-
s of reproduction in any form reserved.
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272 Thompson, Kallesøe, and Spadasent splicing of alternative exons? At the protein level,
what role do these modules play in organizing the self-
assembly of the house structure?
As the animal grows, there is amplification of the DNA
content in the cells of the oikoplastic epithelium (Fenaux,
1971). Whether this is whole genome amplification or
partial genome amplification is not yet clear. If partial
genome amplification occurs, are different regions of the
genome amplified in cells of the epithelium that express
different gene products? In O. dioica the period surrounding
etamorphosis represents a profound shift in most tissues
rom growth via mitotic cell division to growth via en-
oreduplication. Pattern formation in the oikoplastic epi-
helium is finely regulated through control of the length of
ndocycles in the different fields of cells (P. Ganot and E. M.
hompson, unpublished data). It has recently been shown
hat amplification of the Drosophila chorion genes is highly
ensitive to position effects (Lu et al., 2001), and evidence
continues to accumulate that DNA replication is spatially
organized in the nucleus (Kennedy et al., 2000). The haploid
chromosome number of O. dioica is 3, and the distinct
nuclear architectures in the epithelium indicate that this
organ provides an intriguing template to examine the rela-
tive contributions of chromosomal position versus the
spatial organization of the genome in the nucleus, to
control of the gene amplification process.
The very small genome size of O. dioica, combined with
the probable amplification of genes involved in the house-
building process, offers significant statistical advantages in
the fine-scale analysis of chromatin structure at active
versus inactive gene loci. We now possess an array of
molecular markers in the epithelium to examine how
dynamic changes in chromatin structure and nuclear archi-
tecture participate in establishing differential patterns of
gene expression. As the animal grows and ages, the shapes
of nuclei in some of the fields of cells in the epithelium
become increasingly elaborate. In other species of Oiko-
pleura, attaining larger sizes than O. dioica, alterations in
nuclear morphology are even more extensive (Spriet, 1997).
Since the size of houses produced increases commensurate
with increasing size of the animal, but the number of cells
in the epithelium remains constant, greater amounts of
each component must be produced from each cell. Thus, do
increased rates of production from subsets of genes impose
certain constraints on nuclear architecture, particularly in
terms of the surface-to-volume ratio? The accessibility of
the monolayer oikoplastic epithelium to laser-capture mi-
crodissection (Simone et al., 1998) of easily defined cellular
fields with specific patterns of gene expression will allow
incisive molecular analyses of these questions.
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